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ABSTRACT
We present multiwavelength photometry, high angular resolution imaging, and radial velocities,
of the unique and confounding disintegrating low-mass planet candidate KIC 12557548b. Our high
angular resolution imaging, which includes spacebased HST/WFC3 observations in the optical (∼0.53
µm and ∼0.77 µm), and groundbased Keck/NIRC2 observations in K’-band (∼2.12 µm), allow us
to rule-out background and foreground candidates at angular separations greater than 0.2′′ that are
bright enough to be responsible for the transits we associate with KIC 12557548. Our radial velocity
limit from Keck/HIRES allows us to rule-out bound, low-mass stellar companions (∼0.2 M⊙) to
KIC 12557548 on orbits less than 10 years, as well as placing an upper-limit on the mass of the
candidate planet of 1.2 Jupiter masses; therefore, the combination of our radial velocities, high angular-
resolution imaging, and photometry are able to rule-out most false positive interpretations of the
transits. Our precise multiwavelength photometry includes two simultaneous detections of the transit
of KIC 12557548b using CFHT/WIRCam at 2.15 µm and the Kepler space telescope at 0.6 µm, as well
as simultaneous null-detections of the transit by Kepler and HST/WFC3 at 1.4 µm. Our simultaneous
HST/WFC3 and Kepler null-detections, provide no evidence for radically different transit depths at
these wavelengths. Our simultaneous CFHT/WIRCam detections in the near-infrared and with Kepler
in the optical reveal very similar transit depths (the average ratio of the transit depths at ∼2.15 µm
compared to ∼0.6 µm is: 1.02 ± 0.20). This suggests that if the transits we observe are due to
scattering from single-size particles streaming from the planet in a comet-like tail, then the particles
must be ∼0.5 microns in radius or larger, which would favour that KIC 12557548b is a sub-Mercury,
rather than super-Mercury, mass planet.
Subject headings: planetary systems . stars: individual: KIC 12557548 . techniques: photometric–
eclipses – infrared: planetary systems
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Rappaport et al. (2012) presented intriguing, per-
plexing and downright peculiar Kepler observations of
the K-dwarf star KIC 12557548. The Kepler space tele-
scope’s (Borucki et al. 2009) observations of this star
displayed repeating dips every ∼15.7 hours that varied
in depth from a maximum of ∼1.3% of the stellar flux
to a minimum of ∼0.2% or less without a discernible
rhyme or reason to explain the depth variations. In ad-
dition, the occultations were not the iconic transit-like
shape we have come to expect from extrasolar planets
or binary stars, but exhibited an obvious ingress/egress
asymmetry, with a sharp ingress followed by a longer,
more gradual egress. A non-detection of ellipsoidal light
variations allowed an upper-limit on the mass of the oc-
culting object to be set at 3 Jupiter masses, and thus
prompted the question of what was causing this odd pho-
tometry? The answer the authors proposed was that the
peculiar Kepler observations of KIC 12557548 (hereafter
KIC 1255) are due to a gradually disintegrating low mass
(super-Mercury) planet, KIC 12557548b (hereafter KIC
1255b). The thought process is that this putative planet,
with its extremely short orbital period, is being roasted
by its host star, and is throwing off material in fits and
starts; at each passage in front of its parent star, the dif-
ferent amount of material being discarded by the planet
leads to differences in the resulting optical depth, thus ex-
plaining the obvious transit depth variations. The clear
ingress/egress asymmetry of the transit is then due to
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the fact that the material is streaming behind the planet,
forming a long comet-like tail that obscures the star for
a larger fraction of the orbit.
Naturally, observations as odd as those presented by
Rappaport et al. (2012) and an explanation as exotic
as a disintegrating super-Mercury, invited a great deal
of skepticism from the astronomical community. Alter-
native theories that have been discussed to explain the
observed photometry include: (i) a bizarre Kepler pho-
tometric artifact; (ii) a background blended eclipsing bi-
nary14; (iii) an exotically chaotic triple; or (iv) a binary
that is orbiting KIC 12557548 wherein one member of
the binary system is a white dwarf fed by an accretion
disk (Rappaport et al. 2012).
Inspired by the Rappaport et al. (2012) result there
have been a number of modelling efforts to interpret the
bizarre Kepler observations that seem to reinforce the
possibility that the photometry of KIC 1255 is caused
by scattering off material streaming from a disintegrat-
ing low-mass planet. Dust scattering models confirm the
viability of the disintegrating planet scenario featuring
a comet-like tail trailing the planet, composed of sub-
micron sized grains (Brogi et al. 2012), or up to one
micron (0.1 - 1.0 µm) sized grains (Budaj 2013). These
efforts suggest that the minute brightening just prior to
transit can be readily explained by enhanced forward
scattering from this dust cloud, while the ingress/egress
asymmetry can be explained by a comet-like dust tail
that has a particle density or size distribution that de-
creases with distance from the planet. The richness of
the Kepler data on KIC 1255b have led to suggestions of
evolution of the cometary tail (Budaj 2013), and that
the comet is best explained by a two component model,
with a dense coma and inner-tail and a diffuse outer tail
(Budaj 2013; van Werkhoven et al. 2013). Another ef-
fort by Kawahara et al. (2013) suggests that the ob-
served transit depth variability may correlate with the
stellar rotation period, and thus the presumed variable
mass loss rate of the planet may be a byproduct of the
stellar activity, specifically ultraviolet and X-ray radia-
tion. Perez-Becker & Chiang (2013) argue from the re-
sults of a hydrodynamical wind model, that we may be
observing the final death-throes of a planet catastroph-
ically evaporating, and that KIC 1255b may range in
mass from 0.02 - 0.07 M⊕ (less than twice that of the
Moon, to greater than Mercury), although for most so-
lutions the mass of KIC 1255b is less than that of Mer-
cury. We note that subsequent to the submission of this
work, there has been an announcement of a second low-
mass planet candidate, possibly hosting a comet-like tail
(Rappaport et al. 2014).
One proposed method for elucidating the unknown na-
ture of the material that is supposedly occulting KIC
1255, is multiwavelength simultaneous observations of
the transit of the object. As the efficiency of scattering
diminishes for wavelengths longer than the approximate
particle size (Hansen & Travis 1974), and given the in-
ference of sub-micron size grains in the dust tail of this
object (Brogi et al. 2012; Budaj 2013), one might ex-
pect that infrared and near-infrared photometry of the
transit of KIC 1255b would display significantly smaller
14 Although how this would explain the ingress/egress asymme-
try, or the transit depth variations remains a mystery.
depths than those displayed in the optical. Determining
that the transit depth of KIC 1255b is wavelength de-
pendent, with smaller depths in the near-infrared than
the optical, would therefore strongly favour the explana-
tion of scattering from a dust tail with sub-micron sized
particles.
Here we present an assortment of different observations
of KIC 1255 that were obtained in order to either bol-
ster or rule-out the disintegrating low-mass planet sce-
nario. In addition to the Kepler photometry that we
analyze here, these various observational data include:
(i) two Canada-France-Hawaii Telescope/Wide-field In-
fraRed Camera (CFHT/WIRCam) Ks-band (∼2.15 mi-
cron) photometric detections of the KIC 1255b tran-
sit with simultaneous Kepler photometric detections,
(ii) simultaneous photometric non-detections of the KIC
1255b transit with the Hubble Space TelescopeWide Field
Camera 3 (HST/WFC3) F140W and Kepler photometry,
(iii) HST/WFC3 high-angular resolution imaging of KIC
1255 in the F555W (λ∼0.531 µm), and F775W (λ∼0.765
µm) bands, (iv) Keck/NIRC2 ground-based Adaptive
Optics (tip/tilt only) high-angular resolution imaging of
KIC 1255 in the K’-band (λ ∼2.124 µm), and (v) and
Keck/HIRES radial velocity observations of KIC 1255.
The high angular resolution imaging observations allow
us to rule-out nearby background/foreground compan-
ions as close as 0.2′′ to KIC 1255. Our KECK/HIRES
radial velocity observations allow us to rule-out low-mass
stellar companions (∼ 0.2 M⊙) for orbital periods . 10
years. This significantly reduces the parameter space
for nearby companions to KIC 1255, and therefore re-
duces the odds that the unique Kepler photometry that
Rappaport et al. (2012) reported is due to a binary or
higher-order multiple, masquerading as a planetary false
positive. Our simultaneous Kepler and near-infrared de-
tections of the transit of KIC 1255b appear to report
similar depths; as a result, if the source of the photom-
etry we observe is a dust tail trailing a disintegrating
planet composed of single-sized particles, then the par-
ticles are at least ∼0.5 microns in radius. Particles this
large can likely only be lofted from a low-mass planet,
suggesting that KIC 1255b might best be described as a
sub-Mercury mass planet.
2. OBSERVATIONS AND ANALYSIS
2.1. Kepler photometry
We start by presenting an analysis of the Kepler data
of KIC 1255. We analyze all the long cadence (quar-
ters 1-16 at the time of writing; 29.4 minute sampling)
and short cadence (quarters 13-16; 58.8 second sampling)
Simple Aperture Photomery (SAP) of this star. KIC
1255 displays obvious rotational modulation with a pe-
riod of ∼22.9 d that varies between 1-4% of the observed
stellar flux; we remove this modulation by employing a
cubic spline. To ensure that KIC 1255b’s variable and
asymmetric transit depth in no way impacts our starspot
removal technique, we cut out all data in the transit be-
fore calculating our cubic spline; that is, we phase the
data to the orbital period of the putative planet (where
phase, φ=0.5 denotes the midpoint of the transit), and
cut out all data between phases φ=0.4-0.715, and then
15 The asymmetric cut around the mid-point of the transit is
obviously due to the asymmetric shape of the transit.
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Fig. 1.— Top panel: Kepler long cadence photometry (black
points) of KIC 1255 phased to the orbital period of the candidate
planet (∼15.685 hours). The red line is the binned mean of the
orbital phase-folded light curve. Bottom panel: The binned mean
of the phase-folded light curve (every φ=0.005 in phase) of the short
cadence (red circles) and long cadence (blue squares) photometry.
bin the data every ∼10 hours. After calculating the cu-
bic spline on the binned Kepler data with the transits
removed, we apply the cubic spline to all the unbinned
Kepler data and apply a 10σ cut to remove outliers; we
thus produce a light curve of KIC 1255 with the obvi-
ous rotational modulation removed. The spot-corrected,
phase-folded, long cadence light curve of KIC 1255 is
presented in the top panel of Figure 1; the short-cadence
data are similar, but have much higher scatter per point.
We present the phase-folded, binned mean of the long
and short cadence data in the bottom panel of Figure 1.
We note that the short cadence data display a marginally
narrower transit, and appears to have an extra, brief, en-
hanced decrement in flux following the transit (i.e., near
phase φ=0.65) that is not visible in the long cadence
photometry
To compare the Kepler photometry to our CFHT
groundbased (§2.2) and HST spacebased (§2.3.1) pho-
tometry, we also present the Kepler SAP photometry,
without the spline-correction. Given the asymmetric
transit profile and varying transit depth displayed in the
Kepler photometry, we choose to fit our individual Ke-
pler transits (and the simultaneous CFHT and HST pho-
tometry) by scaling the mean transit profile of the short
cadence Kepler photometry by a multiplicative factor,
A. Therefore the function we use to fit our data, g(t) is
compared to the mean of the phase-folded short cadence
photometry, f(t) (shown in the bottom panel of Figure
1), by:
g(t) = 1 +A [f(t− ttransit)− 1] + yo (1)
where yo is simply a vertical offset, and ttransit is the
mid-transit time (defined as the minimum of the phase-
folded mean of the short cadence photometry, at phase
φ=0.5). We note that a value of A = 1 corresponds to a
KIC 1255b transit depth of 0.55% of the stellar flux, as
shown in the bottom panel of Figure 1. We note that by
multiplying our phase-folded mean by A we are scaling
up or down the size of the apparent forward-scattering
peak, as well as the depth of the transit16. To fit our
Kepler transits, as well as the CFHT and HST transits
that follow17, we employ Markov Chain Monte Carlo
(MCMC) techniques (as described for our purposes in
Croll 2006). In Figures 2 and 3 we present the SAP
short cadence Kepler photometry of KIC 1255b that was
obtained simultaneously with the CFHT and HST pho-
tometry, as well as the best-fit scaled profile, g(t), of the
mean short-cadence Kepler profile, f(t). We assume an
error on the Kepler data for our MCMC fitting based
on the RMS of the residuals to the best-fit model. The
associated best-fit parameters are presented in Table 1.
2.2. CFHT/WIRCam photometry
We obtained two Ks-band (∼2.15 micron) WIRCam
(Puget et al. 2004) photometric data-sets of the tran-
sit of KIC 1255 (K∼13.3). Data-sets were obtained on
the evenings of 2012 August 13 and 2012 September 1
(Hawaiian Standard Time). The observations lasted for
∼6.5 hours and ∼5 hours, respectively. High wind im-
pacted the image quality for the first set of observations
(2012 August 13); the second set of observations were of
photometric quality throughout the night (2012 Septem-
ber 1). Reduction of the data and aperture photometry
was performed as detailed in Croll et al. (2010a,b). Al-
though WIRCam offers a 21′×21′ field-of-view, we only
utilize reference stars from the same detector as our tar-
get, therefore resulting in a 10′×10′ field-of-view. We
employ a range of aperture radii for our CFHT photom-
etry (as discussed below in §2.2.1), and subtracted the
sky in all cases using an annulus with an inner and outer
radius of 14 and 20 pixels, respectively. To determine the
fractional contribution of the square pixels at the edge of
the circular aperture we multiply the flux of these pixels
by the fraction of the pixels that falls within our circular
aperture; we determine this fractional contribution using
the GSFC Astronomy Library IDL procedure pixwt.pro.
The exposure times were 25 seconds, with an overhead
for read-out and saving exposures of 7.38 seconds, re-
sulting in an overall duty-cycle of ∼76%. The telescope
was defocused to 0.9 mm for both observations. In both
cases at the conclusion of the observations the airmass
increased to beyond 2.0; we noticed reduced precision in
16 This assumption is likely reasonable, as the analysis of
Brogi et al. (2012) indicates that the deeper transits appear to
display a larger forward scattering peak just prior to transit, as
one might naively expect if the deeper transit is being caused by a
larger amount of material occulting the star.
17 We note that we do not account for the effect of the various
exposure times of our CFHT, HST and Kepler data on estimat-
ing the parameters of interest in Equation 1, as such differences
are negligible given our short exposure times (∼5 seconds to ∼1
minute; please see Kipping 2010).
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Fig. 2.— CFHT/WIRCam Ks-band photometry (red circles) and Kepler photometry (blue squares) of the transit of KIC 1255b obtained
on the nights of 2012 August 13 (left panels) and 2012 September 1 (right panels; Hawaiian Standard Time). Both sets of data are binned
every 8 minutes. The black lines in the bottom two sets of panels indicate the best-fit transit model for each set of data; the transit model
is a scaled version of the mean of the short-cadence, phase-folded Kepler light curve (g(t); see §2.1).
the resulting light curves once the airmass rose above
a value of 1.6. As a result, we exclude all data with
an airmass greater than this latter value in the follow-
ing analysis. Our CFHT photometry is presented in the
middle panels of Figure 2, using aperture radii of 7 and
9 pixels for our first and second CFHT transits, respec-
tively. After the subtraction of our best-fit models, we
achieve an RMS precision of 7.1×10−3 and 6.5×10−3 per
exposure for our first and second transit, respectively.
This compares to the expected photon noise limit of
1.15×10−3 per exposure, or 3.52×10−3 once other noise
sources (read-noise, dark and sky-noise, where the sky
is the dominant component) are taken into account. We
compare our photometric precision to the Gaussian noise
expectation of one over the square-root of the bin-size in
Figure 4. Both data-sets scale down above this limit, in-
dicative of correlated noise; some of this correlated noise
is likely astrophysical as the Kepler data display obvi-
ous modulation, likely due to granulation or evolution
of starspots, plages, etc., that appears to be partially
replicated in the CFHT near-infrared photometry.
We fit our CFHT Transits with the scaled-version of
the short-cadence, phase-folded Kepler light curve (g(t);
§2.1). The best-fit transits are displayed in Figure 2, and
the associated transit depths, A, compared to the mean
Kepler transit depth, are given in Table 1.
We also note that as our CFHT photometry has
slightly superior angular resolution than the coarse Ke-
pler pixels, our CFHT photometry allows us to place a
limit on the angular separation of the transiting object
from KIC 1255. Assuming the transits we observe in our
CFHT photometry are due to the same object causing
the transits we observe in the Kepler data, and given the
7-9 pixel aperture we use here and WIRCam’s 0.3′′pixel-
scale, the object causing the transits we associate with
the candidate planet KIC 1255b cannot be due to a com-
panion more than ∼2′′away from KIC 1255.
2.2.1. Correlations with Aperture size and Number of
Reference Stars
We also search for correlations in our CFHT photom-
etry between the measured transit depth and our choice
of aperture size, and the choice of the number of refer-
ence stars. With our other CFHT photometry of hot
Jupiters (Croll et al. in prep.), in some cases we noticed
moderate correlations between the secondary eclipse or
primary transit depths and the aperture radius chosen
for aperture photometry, or the choice of the ensemble
of reference stars we use to correct our photometry. De-
spite these changes in the transit/eclipse depth, the dif-
ferences in the RMS of the residuals to the best-fit model
were often negligible. Therefore we were confronted with
a range of seemingly equally good fits to the data, where,
troublingly, the parameter of interest, the transit/eclipse
depth, varied significantly. As a result, rather than quot-
ing just the best-fit of a single aperture and reference star
Multiwavelength observations of KIC 12557548b 5
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Fig. 3.— HST F140W filter photometry (1.4µm; green triangles)
and Kepler photometry (blue squares) of the transit of KIC 1255b
obtained on 2013 February 6 (UTC). The Kepler and the HST data
are binned every 2 minutes. The black lines in the bottom two
panels indicate the 3σ upper limit on the transit depth obtained
by scaling the mean of the short-cadence, phase-folded Kepler light
curve (g(t); see §2.1).
combination, we quote the weighted mean of a number
of aperture photometry and reference star combinations,
and scale up the associated error to take into account
these correlations.
To decide the best reference star and aperture radius
combination, we generally use the RMS of the residu-
als multiplied by β, which parameterizes the amount of
time-correlated red-noise in the photometry. β is de-
fined, employing the methods of Winn et al. (2008), as
the factor by which the residuals scale above the Gaus-
sian noise expectation (see Figure 4); to determine this
number we take the average of bin sizes between 10 and
80 binned points. In general, we have noticed that the
RMS×β of the residuals is a superior metric to deter-
mine the best aperture size/reference star combination
than simply the RMS; for our near-infrared photometry,
which generally suffers from high sky background com-
pared to the optical, the RMS of the residuals generally
reaches a minimum for relatively small apertures, as one
is able to reduce the impact of the high sky background.
However, these small apertures often suffer from time-
correlated red-noise (high βs), as during moments of poor
seeing or tracking errors, a small fraction of the light falls
outside these small apertures. A small complication for
our CFHT/WIRCam Ks-band photometry of KIC 1255,
however, is that, as noted above, we believe that some of
the correlated red-noise we observe is genuine, as it re-
produces, in part, the short-term variations visible in the
Kepler optical photometry. Therefore we qualitatively
noticed that the most useful metrics were the RMS of
the residuals for the first CFHT/WIRCam transit, and
the RMS of the residuals multiplied by β for the second
CFHT/WIRCam transit; this combination produced the
most satisfactory results. For this reason, we used these
two different metrics to determine the best reference star
ensemble and aperture size combination below.
In Figure 5 we present the correlations with aperture
radius and the number of stars in our reference star en-
semble for both our first and second CFHT transit of KIC
1255b. For both cases we display the variation in RMS,
and the variation in RMS multiplied by β, for a variety
of aperture radii and different number of reference stars
in the ensemble, as well as the associated variation in
the associated KIC 1255b transit depths, as parameter-
ized by A. In the top set of panels we display the RMS,
RMS×β, and A values for a variety of aperture sizes for
the best 7-star reference ensemble18. In the bottom set
of panels we display the RMS, RMS×β, and A values
for ensembles of different numbers of reference stars, for
a 7.0-pixel aperture (first CFHT transit) and a 9.0-pixel
aperture (second CFHT transit).
We note that the differences in the parameter of in-
terest A are modest for most combinations of reference
star ensembles, and aperture radii. Nevertheless, it is im-
portant to scale up our errors on A to take into account
these correlations. To determine the transit depth of KIC
1255b once correlations with reference star ensemble and
aperture radius are taken into account, ACorr, we take
the weighted mean of all values with an RMS no greater
than 10% above the minimum RMS for our first transit19,
and for our second CFHT transit we take all values with
an RMS×β no greater than 40%20 and 10% above the
minimum RMS×β value (these are denoted by the dot-
ted horizontal line in Figure 5) for the various aperture
radii, and number of reference stars, respectively21. To
determine the error on ACorr we calculate the mean er-
ror of all the values used to determine ACorr, and add
to this value, in quadrature, the standard deviation of
the A values. The ACorr values for the first and second
CFHT transit are given in Table 1. The error on ACorr
for both transits has increased marginally, compared to
that on A before the correlations with the number of
stars in the reference ensemble, and the aperture size,
were taken into account.
2.3. HST photometry and imaging
18 We use a 7-star reference ensemble as this gave the mini-
mum RMS of the residuals for the first transit, and the minimum
RMS×β of the residuals for the second transit.
19 We therefore average aperture radii of 7.0-9.5 pixels, and 4-11
reference stars for our first CFHT transit.
20 We use 40%, rather than the 10% utilized for the other ref-
erence star/aperture size combinations, due to the fact that the
aperture radii 5.5 and 6.0 display such small RMS×β (the top right
panel of Figure 5). This is due to the fact that for these aperture
radii a different 7-star reference ensemble was chosen automati-
cally by the routine to have the smallest RMS. This reference star
ensemble features stars that are not as bright, and display consid-
erably worse RMS×β values for larger aperture sizes. We prefer
the 9.0-pixel reference star ensemble, and therefore present it in
Figure 2.
21 We therefore average aperture radii of 5.5, 6.0 and 7.5-12.5
pixels, and 4-11 reference stars.
6 Croll et al.
 0.001
 1  10  100
R
M
S 
of
 b
in
ne
d 
re
sid
ua
ls
Number of individual points binned
CFHT Transit #1  0.001
 1  10  100
R
M
S 
of
 b
in
ne
d 
re
sid
ua
ls
Number of individual points binned
CFHT Transit #2
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photometry of our first-transit (left), and our second-transit (right). The dashed line in each panel displays the one over the square-root of
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On 2013 February 6 (UTC) we observed a transit of
KIC 1255 with the Hubble Space Telescope (HST) Wide
Field Camera 3 (WFC3; Dressel et al. 2010) over 5 or-
bits (HST Proposal #GO-12987, P.I. = S. Rappaport).
The first orbit was devoted to high angular resolution
imaging observations of KIC 1255 in order to rule-out
nearby background and foreground objects or compan-
ions to this object; these observations are detailed in
§2.3.2. The second through fifth HST orbits were de-
voted to F140W (λ∼1.39 µm) photometry of the transit
of KIC 1255; these observations are detailed below in
§2.3.1.
We use the calibrated, flat-fielded flt files fromWFC3’s
calwf3 reduction pipeline.
2.3.1. HST photometry
We obtained HST/WFC3 photometry over four HST
orbits of the transit of KIC 1255 in the F140W filter
(λ∼1.39 µm) on 2013 February 6 (UTC). The exposure
times were 4.27 seconds; observations were obtained ev-
ery 22.98 seconds, resulting in a duty cycle of ∼19%. 252
observations were obtained over the four HST orbits, or
63 observations per orbit. We performed aperture pho-
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TABLE 1
CFHT, HST, & Kepler photometry of KIC 1255
Parameter CFHT Kepler CFHT Kepler HST Kepler
Transit #1 Transit #1 Transit #2 Transit #2 Transit Transit #3
A 1.107+0.293
−0.276
1.036+0.103
−0.111
1.214+0.193
−0.241
1.268+0.103
−0.103
0.058+0.051
−0.066
0.149+0.090
−0.102
ACorr 1.09±0.32 n/a 1.23±0.27 n/a n/a n/a
ttransit (BJD-2456150) 3.881
+0.004
−0.005
3.877+0.002
−0.003
22.841+0.004
−0.005
22.830+0.001
−0.001
180.337a 180.337a
yo 0.00100
+0.00053
−0.00059
-0.00030+0.00014
−0.00014
0.00056+0.00046
−0.00042
0.00027+0.00015
−0.00014
0.00007+0.00022
−0.00024
0.00146+0.00016
−0.00016
3σ upper-limit on A 1.865 1.368 1.936 1.585 0.354 0.474
a We fix ttransit to the predicted mid-point of the transit for this analysis, due to the fact we are unable to detect the transit on this
occasion.
TABLE 2
HST photometry of reference stars to KIC 1255
Star Name Angular Separation A ttransit
a yo 3σ upper-limit Percentage Brightness
From KIC 1255 (′′) (BJD-2456150) on A of KIC 1255 at ∼1.39 µm
Star A (2Mass J19234770+5130175) 39.15 0.116+0.097
−0.084
179.969 -0.35279+0.00022
−0.00016
0.375 64.7
Star B (2Mass J19235132+5130291) 13.40 0.012+0.021
−0.011 179.969 -0.89589
+0.00010
−0.00010 0.112 10.4
Star C 11.34 0.052+0.053
−0.030
179.969 -0.96580+0.00010
−0.00010
0.183 3.4
Star D 10.69 0.030+0.039
−0.024
179.969 -0.97340+0.00011
−0.00011
0.158 2.7
Star E 8.39 0.065+0.056
−0.043
179.969 -0.98720+0.00010
−0.00012
0.209 1.3
Star F 14.28 0.009+0.018
−0.017
179.969 -0.98967+0.00010
−0.00010
0.117 1.0
a We fix ttransit to the predicted mid-point of the transit for this analysis.
Fig. 6.— The full frame array of our HST/WFC3 1.4 µm pho-
tometry. The target star, as well as the handful of nearby reference
stars (as listed in Table 2) that we perform photometry on to rule
out false-positive scenarios, are labeled with letters from A-F.
tometry, as described above in §2.2. We use an aperture
radius of 5.75 pixels; we do not subtract the background
with an annulus, or otherwise. The results are nearly
identical whether we do or do not subtract the back-
ground with an annulus with our aperture photometry.
The HST photometry of KIC 1255 is presented in Figure
3, as well as the best-fit scaled version of the mean short-
cadence, phase-folded Kepler photometry (g(t); §2.1);
the associated parameters are listed in Table 1. We are
unable to detect the transit of KIC 1255 in either our
HST photometry or the simultaneous Kepler photome-
try (on 2013 February 6). We place a 3σ upper limit on
the transit depths on these two occasions of: A < 0.354
for our HST photometry, and A < 0.474 for our Kepler
Transit #3. We note that the transit of KIC 1255b that
we observed with HST and Kepler happened to be dur-
ing a stretch of time where the KIC 1255b transit depth
was below detectability for a number of transits in a row
(approximately ∼5 days before and after our observed
transit).
To rule out whether the transit that we associate with
KIC 1255 is actually due to a nearby object, we also per-
form photometry on all relatively bright stars nearby to
KIC 1255 in the HST photometry. By using the centroid-
ing analysis methods of (Jenkins et al. 2010) on the Ke-
pler photometry of KIC 1255, Rappaport et al. (2012)
report that any background source that is causing the
transits that we associate with KIC 1255 must be within
2′′ of KIC 1255. As we discuss in §2.3.2 we rule out suf-
ficiently bright (at least 1% of the flux of KIC 1255) ref-
erence stars down to 0.2′′ from KIC 1255, and a cursory
inspection of Figure 6 indicates there are no sufficiently
bright reference stars out to 11′′ from KIC 1255. Objects
fainter than 1% of KIC 1255, if fully occulted, would
not be able to account for the greater than 1% transit
depth observed in the Kepler photometry. Despite the
fact that during our HST observations our HST and Ke-
pler photometry did not display a detectable transit of
KIC 1255b, we nevertheless perform photometry on all
relatively bright stars that are within 20′′of KIC 1255,
and a few select stars of comparable brightness to KIC
1255 that are captured in our HST photometry. F140W
photometry on all these stars from orbits 2-5 is presented
in Figure 7. We display these stars in Figure 6, which
shows the median full-frame image of all our HST F140W
8 Croll et al.
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photometry. The 3σ upper-limits on the transit depth
for these stars are given in Table 2. None of these stars
displays obvious behaviour that would suggest that they
serve as a false positive for the characteristic photometry
that we associate with KIC 1255b22.
2.3.2. HST high-angular resolution imaging
HST high-angular resolution imaging observations to
search for nearby companions to KIC 1255 were ob-
tained with the WFC3 instrument in the following fil-
ters in the Infrared channel (IR): F125W (λ∼1.25 µm),
F140W (λ∼1.39 µm), F160W (λ∼1.54 µm), and the
following filters in the ultraviolet and visible (UVIS)
channel: F555W (λ∼0.531 µm), F775W (λ∼0.765 µm).
We present results of the reduction and analysis of the
F555W and F775W channels here.
Through program GO-12893, which imaged some of
Kepler’s best Kepler Objects of Interest (KOIs) in terms
of small planet candidates on long orbits, we had avail-
able F555W and F775W observations of many targets
taken with exactly the same dither pattern and essen-
tially the same signal-to-noise. We searched for a subset
of the GO-12893 observations for which the target: (a)
seemed to be an isolated single star, (b) had a g − r
22 Not that we would necessarily expect them to show such be-
haviour during our HST observations, as the KIC 1255b transit
was undetectable during these observations.
color similar to KIC 1255, and (c) for which the HST fo-
cus offset matched that for KIC 1255. Visits number 60
(KIC 8150320), 94 (KIC 4139816), and 98 (KIC 5942949)
met these criteria and were processed with AstroDrizzle
(Fruchter et al. 2010) to the same 0.′′0333 scale used for
the KIC 1255 images. All observations consisted of four
dithered exposures in which the target was kept just un-
der detector saturation, and a fifth exposure at twice
saturation to bring up the wings. In each case the driz-
zle combination was done to provide a final image well
centered on a pixel. The KIC 1255 direct imaging results
are shown in the upper panels of Figure 8 for 460 seconds
in F555W and 330 seconds in F775W. The combined im-
ages had a FWHM of ∼0.′′075, and are given in units
of electrons23. The observations in the three GO-12893
controls were averaged together to define a PSF for each
filter, then scaled to the intensity of the KIC 1255 images
and subtracted to provide the difference images shown in
the lower panels of Figure 8, in units of electrons. The
subtraction is performed to a radius of 1.′′0 at F555W and
1.′′2 at F775W; this subtraction is extended to ∼3′′along
the diagonal diffraction spikes. For reference, the object
at 10 o’clock at 2.′′2 separation in Figure 8 of the F775W
difference image is at a delta-magnitude of 9.1.
The difference images were used to derive 5σ detec-
tion limits as a function of offset distance by evaluating
what fluctuations in 3×3 0.′′0333 pixels would stand out
at this level relative to the scatter in successive 0.′′08 an-
nuli starting with one centered at 0.′′1 (Gilliland & Rajan
2011). These contrast limits are presented in Figure 9.
The HST imaging ruled out potential sources of back-
ground false positives down to 0.′′2 for a delta-magnitude
of 4.7 (equivalent to the maximum observed Kepler tran-
sit depth), thereby reducing the original 2′′ radius area
in which these background/foreground candidates could
exist by 99% (i.e., <0.2′′).
2.4. Keck Adaptive Optics Imaging
We obtained high angular-resolution, near-infrared im-
ages of KIC 1255 on 2012 May 29 UT using NIRC2
(PI: Keith Matthews) and the Keck II adaptive optics
(AO) system (Wizinowich et al. 2000). Observations
were acquired in natural guide star mode with the K’
filter (λ ∼2.124 µm). Given the faintness of KIC 1255
(R=15.30), we opened the deformable mirror loops and
applied tip/tilt correction commands only. Images were
recorded using the narrow camera mode which provides
a 10 mas plate scale. A standard 3-point dither pattern
was executed to remove background radiation from the
sky and instrument optics. A total on-source integration
time of 360 seconds was obtained from 6 separate frames.
Images were processed using standard techniques to re-
place hot pixel values, flat-field, subtract the background,
and align and coadd frames (Crepp et al. 2012).
Figure 10 shows the final reduced image (left panel)
along with sensitivity to off-axis sources (right panel).
No obvious companions were noticed in either raw or pro-
cessed frames. Comparing residual scattered light levels
to the stellar peak intensity, our NIRC2 observations rule
out the presence of possible photometric contaminants,
23 The negative electron values observable in Figure 8, are likely
due to the noise in the dark and sky frames that are subtracted to
produce the frames seen here.
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Fig. 8.— HST/WFC3 high angular resolution imaging of KIC 1255 in the F555W channel (left), and the F775W channel (right). The
top row of images are the AstroDrizzled images, while the bottom row of images are the PSF subtracted images. For both set of images,
the scale is indicated at top, in units of electrons. The compass rose for all panels is given in the lower-right panel. For reference in the
F775W difference image (bottom-right) the object at 10 o’clock at 2.′′2 separation is at a delta-magnitude of 9.1, and is thus too faint, by
a factor of more than ∼50, to cause the transit we associate with KIC 1255b.
at differential flux values comparable to and brighter
than the maximum Kepler transit depth24 (∆m = 4.7),
for separations > 1.4′′ at 3σ.
2.5. Keck Radial Velocities
We obtained five high-resolution spectra of KIC 1255
using HIRES (Vogt et al. 1994) on the Keck I Telescope
to measure absolute radial velocities. The exposures were
5–10 minutes in duration and achieved signal-to-noise ra-
tios of 12–16 per pixel in R-band (on blaze). We fol-
lowed the standard techniques of the California Planet
24 See §4 for an explanation of why this optical limit (∆m = 4.7)
is likely valid in the near-infrared.
Survey for the reduction and sky subtraction of spectra
(Batalha et al. 2011). We measured absolute radial ve-
locities (RVs) with the telluric oxygen A and B bands
(759.4–762.1 nm and 686.7–688.4 nm) as a wavelength
reference using the method of Chubak et al. (2012).
The photon-weighted times of observation, RVs, and er-
rors are listed in Table 3. Individual measurements carry
0.1 km s−1 uncertainties, as demonstrated by bright stan-
dard star measurements (Chubak et al. 2012) as well as
measurements of faint stars such as Kepler-78 (V = 12;
Howard et al. 2013).
The RV measurements of KIC 1255 span 512 days and
have an RMS of 0.17 km s−1. We searched for accelera-
tions in the RV time series that could indicate a stellar-
10 Croll et al.
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nitude of the faintest object that could produce the transits we as-
sociated with KIC 1255b. We rule out companions bright enough
to cause the transit we associate with KIC 1255b for separations
greater than 0.2′′(5σ).
mass, long-period companion. A linear least-squares fit
to the data yields a statistically insignificant slope of
−0.16 ± 0.90 km s−1 yr−1. We then injected artificial
RV signals for a hypothetical companion, with a given
period, P , and minimum mass, m sini (where i is the
orbital inclination of the companion), into the data and
determined with what confidence we would be able to de-
tect these companions. Zero-eccentricity orbits were as-
sumed, and 4000 trials were drawn with a random orbital
phase. Inspired by a similar method used by Bean et al.
(2010), signals were judged to be detected if the χ2 of
the RV fit after subtracting the mean, χ2RV , were greater
than the χ2 of a straight line fit, χ2straight
25, plus an
amount corresponding to 3σ confidence for four degrees
of freedom (from our five data-points) – that is if: χ2RV >
χ2straight + 16.3. The resulting 50% and 90% confidence
limits are given in Figure 11; stronger confidence lim-
its (e.g. 99.73%) result in considerably higher-masses, as
the time-gaps in the RV data allow for even very massive
companions to slip through a small fraction of the time.
Also, allowing eccentric orbits would result in less con-
straining (higher mass) limits at a given orbital period.
Our analysis rules out giant planetary-mass companions
(m sini ∼ 13 MJ [Jupiter masses]) for . 40 day orbits,
and low-mass stellar companions (m sini ∼ 0.2 M⊙ or
greater) for . 10 year orbits with 90% confidence26. We
note an M-dwarf companion with a mass less than 0.2
25 χ2
straight
=11.25 with 4 degrees of freedom.
26 We note that if there was an additional companion in the
KIC 1255 system (other than the candidate planet), the light-
time effect of the host star orbiting around the barycentre of the
system (Montalto 2010), would induce periodic variability in the
transit-timing of the candidate planet. For long period compan-
ions this might manifest itself as long-term variations in the pe-
riod of the candidate planet; such changes may have been de-
tectable in the Kepler data, given the stringent limits on the lack
of change in the orbital period reported by Budaj (2013) and
van Werkhoven et al. (2013).
TABLE 3
Telluric-calibrated Radial Velocities from Keck-HIRES
JD – 2440000 Absolute Radial Velocity Uncertainty
(km s−1) (km s−1)
16020.05982 −36.05 0.10
16028.02128 −36.38 0.10
16076.09278 −36.12 0.10
16110.07628 −36.37 0.10
16532.97013 −36.41 0.10
TABLE 4
A ratios for KIC 1255
Data & Transit # Ratio
CFHT & Kepler Transit #1 ACorr/AKepler = 1.05 ± 0.36
CFHT & Kepler Transit #2 ACorr/AKepler = 0.97 ± 0.24
CFHT & Kepler Transits Combined ACFHT /AKepler = 1.02 ± 0.20
HST & Kepler Transit AHST /AKepler = 0.39 ± 0.46
M⊙ would verge on the limit of being too faint to cause
the 1% transit depth we associate with KIC 1255.
2.5.1. Radial Velocity Limit on KIC 1255b’s minimum mass
Our Keck RV measurements also allow us to attempt
to detect, or set an upper limit on, the mass of the can-
didate planet KIC 1255b. Our Keck RVs phased to the
orbital period of KIC 1255b are displayed in Figure 12.
Similar to the techniques used above, we then insert cir-
cular (zero eccentricity) RV signals at KIC 1255b’s or-
bital period, and phase, until these signals exceed the
chi-squared limit discussed in §2.5. Our 3σ upper limit on
KIC 1255b’s minimum mass from the Keck RVs is then
approximately 1.2 Jupiter-masses (m sin i . 1.2 MJ), as
displayed in Figure 12. We note that given the sparse
RV sampling, allowing eccentric orbits would result in a
much higher upper limit on KIC 1255b’s minimum mass.
Given KIC 1255b’s close orbit with its parent star, one
would not necessarily expect KIC 1255b to have an ec-
centric orbit; however the planet’s high mass loss rate,
suggests a short life-time for the planet in its present
orbit (Perez-Becker & Chiang 2013), leaving open the
possibility that the planet’s orbit may not have circular-
ized yet.
3. MULTIWAVELENGTH PHOTOMETRIC RESULTS
Our simultaneous Kepler (∼0.6 µm) and CFHT (∼2.15
µm) photometry, and our simultaneous Kepler and HST
(∼1.4 µm) photometry allow us to compare the transit
depths from the optical to the near-infrared. The ratio
of the Kepler to the CFHT transit depth is similar in
both our first & second CFHT and Kepler observations
(ACorr/AKepler = 0.97 ± 0.36 on 2012 August 13 2012
and ACorr/AKepler = 1.05 ± 0.36 on 2012 September
1 2012). The weighted mean of the A ratio from both
observations is: ACFHT /AKepler = 1.02 ± 0.20. For the
simultaneous HST and Kepler observation we are only
able to return a null-detection of the transit depth at
those wavelengths; the associated ratio of the HST to
Kepler transit depths is: AHST /AKepler = 0.39 ± 0.46.
Therefore, we can only say that there is no evidence for
strongly different transit depths at these wavelengths.
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Fig. 12.— The Keck/HIRES RV measurements phased to the
orbital period of the candidate planet (P∼0.6536 d). The red-solid
line represents the radial velocity fit corresponding to the upper-
limit on the mass of the candidate planet (m sin i . 1.2 MJ ) that
we can rule-out with 3σ certainty, for a circular orbit.
We summarize the ratios at these wavelengths in Table
4.
4. LIMITS ON NEARBY COMPANIONS TO KIC 1255B AND
FALSE POSITIVE SCENARIOS
Although we know of no viable binary or higher-order
multiple scenario that could explain the unusual pho-
tometry we observe for KIC 1255, we note that our high-
angular resolution imaging, RVs, and multiwavelength
photometry place strict limits on companions to KIC
1255 and thus on suggested false positive scenarios.
We searched for nearby companions to KIC 1255 with
our HST/WFC3 and Keck/NIRC2 high-angular resolu-
tion imaging. With a maximum transit depth of 1.3%
of the stellar flux, the maximum magnitude differen-
tial between a background object and KIC 1255 that
could be causing the behaviour we observe is 4.7 mag-
nitudes. Therefore our HST/WFC3 high angular reso-
lution F555W, and F775W (λ∼0.765 µm) imaging27 is
able to rule out companions this bright with 5σ confi-
dence down to 0.2′′ angular separation from KIC 1255b
(see Figure 9).
In the near-infrared, given the CFHT to Kepler transit
depth ratio we measure here (ACFHT /AKepler = 1.02 ±
0.20), we can expect that any object must be no more
than 4.7 magnitudes fainter than KIC 1255b at these
wavelengths as well; therefore for our Keck/NIRC2 imag-
ing we are able to rule out companions this bright down
to 1.4′′ separation at 3σ confidence.
Our radial-velocity observations allow us to rule-out
low mass stellar companions (∼ 0.2 M⊙) for reasonably
edge-on orbits, for periods less than 10 years (this cor-
responds to .4 AU using the 0.7 M⊙ stellar mass re-
ported by Rappaport et al. 2012). Our high angular-
resolution HST imaging limit of 0.2′′, corresponds to >94
AU at the ∼470 parsec distance of KIC 1255 quoted by
Rappaport et al. (2012). We therefore note there is lit-
tle viable parameter space (only companion separations,
s, of 4 AU. s . 94 AU remain viable) for a binary
27 The F555W (λ∼0.531 µm) and F775W (λ∼0.765 µm) bracket
the ∼0.6 µm midpoint of the Kepler bandpass.
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TABLE 5
Wavelength Extinction and Sensitivity Limits
Parameter region σext(a, λ) α(a, λ1, λ2)
a≫ λ/2pi 2pia2 0
a≪ λ/2pi and k = 0 ∝ a6/λ4 4
a≪ λ/2pi and k 6= 0 ∝ a3/λ 1
or higher-order multiple companion to KIC 1255b that
could be masquerading as a false-positive for the photom-
etry of KIC 1255 that we associate with a disintegrating
low-mass planet.
Lastly, we note that the fact that our near-infrared and
optical photometry report similar transit depths, also al-
lows us to place an additional constraint on hierarchical
triple or background binary configurations with stars of
different spectral types. For instance, if the photometry
we associate with KIC 1255b was somehow due to a pair
of late M-dwarfs (an effective temperature of Teff∼3000
K) eclipsing one another, whose light was diluted by the
K-dwarf star KIC 1255 (Teff ∼ 4400 K; Rappaport et al.
2012), the ∼1% optical transit depths, would result in
∼6% transit depths at 2.15 µm - a depth we can rule
with very high confidence (∼25σ). Similar limits could
be set on a background binary that is of a different spec-
tral type from KIC 1255. A background binary of similar
spectral type to KIC 1255 remains a possible false posi-
tive; however it is unclear how such a scenario would ex-
plain the variable transit depths, and asymmetric transit
profile we observe with this candidate planet.
With these stringent limits on false positive scenarios,
we therefore conclude that the disintegrating low-mass
planet scenario is the simplest explanation suggested to
date for the Kepler photometry, and our multiwavelength
photometry, RVs, and high angular-resolution imaging.
5. DISCUSSION
5.1. Size of grains in the dust tail of KIC 1255b
The wavelength dependence of extinction by dust
grains can provide information on their size and, in some
cases, their composition (e.g., for interstellar grains see
Mathis et al. 1977). This is due to the fact that the
efficiency of scattering generally diminishes as the ob-
servational wavelength approaches the approximate par-
ticle circumference (Hansen & Travis 1974), For this
reason, the nearly identical transit depths we measure
at λ ∼0.6 µm with Kepler and at λ ∼2.15 µm with
CFHT/WIRCam allow us to set a lower-limit on the
largest particles in the hypothetical dust tail trailing KIC
1255b. We set this lower-limit on the size assuming that
all the dust particles are a single, identical size in §5.1.3,
and for a distribution of particle sizes in §5.1.4.
5.1.1. Spectral Dependence of Extinction
The extinction (scattering plus absorption) of light by
dust grains is a function of the wavelength, λ, of the
light, the size of the grains, denoted by the grain ra-
dius, a, and the complex index of refraction of the dust
material, where n denotes the real component and k
the imaginary component. While there is also some
dependence of extinction upon the shape of the dust
grains, for simplicity we will only consider spherical
Fig. 13.— The extinction efficiency, Qext (Mie extinction cross
sections, normalized to the geometric area of the grain), as a func-
tion of the nondimensional grain size parameter, X = 2pia/λ, where
a is the radius of the grain, and λ is the wavelength of observa-
tion. The dotted, short-dashed, long-dashed, and dot-dashed lines
indicate the extinction efficiency of iron, corundum, forsterite and
enstatite, as calculated as described in the text.
grains here, and employ the Mie algorithm presented by
Bohren & Huffman (1983) to calculate their cross sec-
tions. Fig. 13 plots the extinction efficiency (the ratio of
the extinction cross section to the geometric cross sec-
tion), Qext(a, λ) = σext(a, λ)/(pi a
2), as a function of the
nondimensional size, X = 2pia/λ, for grains with n = 1.6,
and k = 0 (no absorption) and k varying from 0.0001 (low
absorption) to 1 (highly absorbing).
We note that for large grains (X ≫ 1; the right-hand
side of the plot), the extinction cross-section is approx-
imately constant (Qext(a, λ) = σext(a, λ)/(pi a
2) → 2)
and only slightly dependent on wavelength, regardless of
the absorption, k. For wavelengths longer or approach-
ing the approximate particle circumference (the left side
of the plot), the amount of extinction nominally depends
on the amount of absorption (e.g., van de Hulst 1981).
Nonetheless, even for a great deal of absorption (i.e.,
k=1; the dark blue line in Figure 13), the extinction
cross-section falls sharply for wavelengths longer than
the approximate particle circumference28; for low levels
of absorption or none at all (the light green, orange, and
red lines in Figure 13), the fall-off is even steeper29. The
asymptotic limits apparent in the plot are listed in Table
5. Therefore we surmise based on the nearly equal Ke-
pler and CFHT transit depths, and thus the near equal
levels of extinction between these two wavelengths, that
our observations probe the right-hand side of the plot;
we can therefore set a lower-limit on the largest particles
in the hypothetical dust-tail trailing KIC 1255b.
For the scattering calculations that follow, we assume
typical values for the complex index of refraction, n and
k, based on the values for typical Earth-abundant refrac-
tory materials, such as olivines and pyroxenes. Across
28 For k 6= 0, the extinction can be approximated by
σext(a, λ)/pia2 ∝ kX.
29 For k ≡ 0 the extinction can be approximated by
σext(a, λ)/pia2 ∝ X4, a relation found by Lord Rayleigh (1871).
For k 6= 0 there may be a transition region between the two ex-
tremes where σext(a, λ)/pia2 ∝ X4.
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our wavelength range of interest (λ=0.6 to 2.15 µm), for
these materials, the imaginary component of the index of
refraction is typically small, k . 0.02, while the real com-
ponent of the index of refraction is often approximately
n∼1.6 (Kimura et al. 2002 and references therein). We
also repeat our scattering calculations for a number of
materials that have previously been suggested to be re-
sponsible for the dust supposedly trailing KIC 1255b.
Four such materials, suggested by Budaj (2013), are
forsterite (Mg2SiO4; a silicate from the olivine family),
enstatite (MgSiO3; a pyroxene without iron), pure iron,
and corundum (Al2O3; a crystalline form of aluminium
oxide). Three of these materials have similar complex
indices of refraction across our wavelength range of in-
terest (λ=0.6 to 2.15 µm): that is n∼1.6 and k<10−4
for enstatite (Dorschner et al. 1995), n∼1.6 and k<10−3
for forsterite (Jager et al. 2003), n∼1.6 and k<0.04 for
corundum (Koike et al. 2010). Pure iron is an outlier
with n∼2.9 - 3.9 and k∼3.4 - 7.0 (Ordal 1988) for wave-
lengths from λ=0.6 to 2.15 µm. In Figure 13 we also
display the resulting extinction efficiency, Qext(a, λ), of
these materials30.
5.1.2. Extinction Wavelength Dependence
To parameterize the amount of extinction between our
two wavelengths, λ1 and λ2, we employ the A˚ngstro¨m
exponent, α(a, λ1, λ2), a measure of the dependence of
extinction on wavelength31, defined as follows:
α(a, λ1, λ2) ≡ −
log [σext(a, λ2)/σext(a, λ1)]
log (λ2/λ1)
(2)
The ratio of the transit depths in Table 4 is approx-
imately the ratio of the extinctions at these two wave-
lengths, σext(a, λ2)/σext(a, λ1) = 1.02± 0.20. Therefore,
the associated value of α(a, 0.6µm, 2.15µm) = −0.02
with ranges −0.16 to 0.16 (1σ), −0.27 to 0.37 (2σ), and
−0.38 to 0.68 (3σ).
5.1.3. Single Size Grains
What is the maximum size of particles in the hypothet-
ical dust tail of KIC 1255b if the tail is composed solely
of single-size spherical particles? Fig. 14 plots Mie calcu-
lations of α(a, 0.6µm, 2.15µm) for grains with n = 1.6,
k = 0.02, and radius a. The 1, 2, and 3σ error bars
on α(a, 0.6µm, 2.15µm) are displayed with the dashed
orange, green, and blue lines, respectively, in Figure 14.
Therefore, for a dust tail consisting of single size grains
their radius would have to be & 0.5 µm (3σ).
We have also reproduced these scattering calculations
for four materials that have been suggested to make-up
the particles trailing KIC 1255b (these are corundum,
pure iron, forsterite and enstatite), rather than for our
hypothetical n = 1.6 and k=0.02 material. Due to the
30 The curves presented in Figure 13 represent averages of the
extinction efficiency, Qext, for wavelengths of 0.6, 1.0, 1.6, 2.0 and
2.15 µm (except for iron, which omits the 0.6 µm calculation be-
cause it is below the tabulated index of refraction values), using in-
dex of refraction values for enstatite from Dorschner et al. (1995),
forsterite from Jager et al. (2003), corundum from Koike et al.
(2010), and iron from Ordal (1988).
31 Defined by A˚ngstro¨m (1929) in the context of dust in the
Earth’s atmosphere.
Fig. 14.— Plot of the A˚ngstro¨m exponent for spherical grains
of radius, a. We assume an index of refraction of n = 1.6, and an
imaginary component of the index of refraction of k = 0.02. The
horizontal orange, green, and blue dashed lines show the 1σ, 2σ,
and 3σ limits on α(a, λ1, λ2), respectively, from §5.1.2. Grains of a
single-size have to be larger than a& 0.5 µm (3σ) to be consistent
with the ratio of our CFHT/WIRCam and Kepler transit depths.
close agreement between the complex index of refraction
of forsterite, enstatite and corundum and our assumed
n = 1.6 and k=0.02 values, the size limit on single-
sized forsterite, enstatite or corundum particles is indis-
tinguishable from our hypothetical material; that is such
grains must be & 0.5 µm (3σ confidence). Pure iron, on
the other hand, which has a complex index of refraction
that differs significantly from the above values, results in
a less stringent limit on single size iron particles; pure
iron particles would have to be & 0.2 µm (3σ). However,
due to iron’s high vapour pressure32, we find it doubtful
that pure iron particles could survive the high tempera-
tures of a dust tail trailing KIC 1255b in the first place
without sublimating. We therefore quote only our & 0.5
µm (3σ) size-limit on single-size particles, henceforth33.
5.1.4. Grain Size Distributions
We concede that a distribution consisting only of a
single size of grain may not be the most realistic as-
sumption for the hypothetical grains trailing KIC 1255b.
Therefore, we also consider a range of particle sizes –
specifically we consider grains with a specific particle
size distribution denoted by a power-law with slopes,
ν, formally defined below. Power-law size distributions
have been used in a diverse range of applications, for
example: to model interstellar dust grains (ν ∼ 3.3 -
3.6; Mathis et al. 1977; Bierman & Harwit 1980), large
particles in the comas of comets (ν ∼ 4.7 for particles
1 µm to 1 mm in size for the comet 103P/Hartley 2;
32 Iron has a vapor pressure ∼50 times greater than that
for olivines (Perez-Becker & Chiang 2013). The survival of
olivines have already been called into question at the extreme
∼2000 K temperatures expected in the tail trailing KIC 1255b
(Rappaport et al. 2012).
33 Obviously, if the grains in the putative tail trailing KIC 1255b
are composed of a material with very different optical properties
than what we have assumed – n∼1.6 with a small k (.0.1) – this
could result in a different minimum size than we have presented
here. We are unaware of a material that is likely to be present trail-
ing KIC 1255b, with very different optical properties than what we
have assumed, and that is likely to survive the high temperatures
in the tail trailing KIC 1255b without sublimating.
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Kelley et al. 2013), and dust (aerosols) in the Earth’s
lower atmosphere from a world-wide network of ground-
based Sun photometers (3 ≤ ν ≤ 5; Liou 2002;
Holben et al. 1998).
We consider a distribution of grains ranging in size
from a = amin to amax. Let N(a) be the number den-
sity of grains per unit grain radius and per unit area of
the column along the path connecting the observer to
the star. The average extinction cross section for the
distribution, σext(amin, amax, λ), is given by:
σext(amin, amax, λ) =
∫ amax
amin
N(a′)σext(a
′, λ) da′∫ amax
amin
N(a′) da′
(3)
where the overbar indicates the normalized average over
the grain size distribution. The definition of A˚ngstro¨m
exponent is readily adapted to distributions by replacing
σext(a, λ) with σext(amin, amax, λ) in Eqn. 2:
α(amin, amax, λ1, λ2) ≡
−
log [σext(amin, amax, λ2)/σext(amin, amax, λ1)]
log (λ2/λ1)
(4)
Likewise the first and second columns in Table 5 are read-
ily adapted for size distributions by replacing a by a, a2
by a2, and so on.
We now specialize to the case of a power-law distri-
bution. We define the number density of particles of a
given size as follows: N(a) = c a−ν for amin ≤ a ≤ amax,
where the particle size distribution parameter, ν, is taken
to lie between 1 ≤ ν ≤ 5, and c is a normalization con-
stant34. In the following we arbitrarily set the minimum
particle size to be amin = 0.01µm, and set the max-
imum particle size to lie in an astrophysically plausi-
ble range of: 0.01µm ≤ amax ≤ 10µm. We calculate
α(amin = 0.01µm, amax, ν, 0.6µm, 2.15µm) for spheri-
cal grains comprised of material having n = 1.6 and
k = 0.02, and plot the results in Figure 15. We note
the similarity of this plot to the one for a single-sized
particle in Fig. 1435.
The implication is that there needs to be a sufficient
proportion of grains with a & 1µm for the ratio of the
extinctions at the two wavelengths to be so close to 1.
In the case of a power-law grain size distribution this
requires both a sufficiently large upper size cutoff, amax,
and a sufficiently small power-law slope, ν. Note that in
this limit the specific value of the imaginary component
of the index of refraction, k, makes little difference.
At this point we note the important caveat that the
wavelength sensitivity as defined in Eqn. 2 or 4 implicitly
assumes that the dust tail is optically thin. The numer-
ator in Eqn. 3 is the optical thickness, τ(λ), through the
34 Incidentally, for aerosols in the Earth’s atmosphere, Junge
(1963) showed that ν and α were simply related. An ana-
lytic demonstration using a simple approximation is presented by
DeVore (2011).
35 As amax → 0.01µm, α(amin, amax, ν, λ1, λ2) → 1
for all values of ν. As amax increases beyond ∼ 1µm,
α(amin, amax, ν, λ1, λ2) approaches a constant that depends upon
ν. As ν decreases, the proportion of large particles increases
and the constant value approaches 0. In between these two lim-
its α(amin, amax, ν, λ1, λ2) has a maximum in the range between
roughly 2 and 3.
Fig. 15.— Plot of extinction sensitivity for a range of parti-
cle size distributions with ν = 1, 2, 3, 4, and 5. We employ an
index of refraction of n = 1.6, an imaginary component of the
index of refraction, k = 0.02, and calculate the particle distribu-
tion between a minimum radius of amin = 0.01 µm, and a max-
imum radius of 0.01 ≤ amax ≤ 10µm. The horizontal orange,
green, and blue dashed lines show the 1σ, 2σ, and 3σ limits on
α(amin, amax, ν, λ1, λ2), respectively, from §5.1.4. Only smaller
power-law slopes, and thus particle size distributions with more
large particles, e.g. ν = 1, 2, & 3, result in a sufficient num-
ber of near-micron sized grains and thus satisfy the ratio of our
CFHT/WIRCam and Kepler transit depths at the 3σ level.
dust tail. Using the fact that the transmission T (λ) ≡
exp [−τ(λ)] and that the extinction is 1 − T (λ), we find
that in the optically thin limit, i.e., where τ(λ)≪ 1:
1− T (λ)→ σext(amin, amax, λ)×
∫ amax
amin
N(a′) da′
if τ(λ)≪ 1 (5)
Since the integral on the right in Eqn. 5 is independent
of λ, extinction is proportional to σext(amin, amax, λ) in
this limit. However, since it is likely that the putative
dust tail does not obscure the entire stellar surface there
may be portions of the tail where the dust is optically
thick, i.e., τ(λ) & 1. To the extent that this is the
case, the extinction measurements will tend to give the
same value independent of λ, the assumptions underly-
ing α(λ1, λ2) break down, and the utility of α(λ1, λ2) for
inferring grain size diminishes.
5.1.5. The impact of large particles on the supposed forward
scattering peak
The presence of an increase in flux immediately pre-
ceding the dip attributable to strong forward scatter-
ing (Rappaport et al. 2012; Brogi et al. 2012; Budaj
2013) is also suggestive of large particles since the
strength of forward scattering is a strong function of
grain size (e.g., DeVore, et al. 2013). We note that
according to the model of Budaj (2013) there may be
some tension between our finding of a& 0.5 µm particles
and the Kepler observations, as 0.1 - 1.0 µm particles
arguably over-predict the amount of forward scattering
compared to the Kepler observations36. However, the
36 Other possibilities include the suggestion that the cometary
tail might be composed of different sized particles at different dis-
tances from the planet, as suggested by Budaj (2013), or that
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forward scattering increase also suggests that the dust re-
sponsible is not optically thick since scattering acts both
to inhibit the forward scattered photons as well as cause
the flux to diverge angularly. If multispectral measure-
ments of the forward scattering peak were obtained with
adequate signal to noise, then they could be used to pro-
vide information on grain size through the strong depen-
dence of the angular spread of forward scattering on the
ratio of the effective grain diameter to the wavelength.
5.2. KIC 1255b Particle Lifting
If the largest particles in the tail of KIC 1255b are at
least 0.5 microns in size, then this raises the question of
how such large particles were lofted from the planet in the
first place. According to the hydrodynamic wind model
of Perez-Becker & Chiang (2013), the present-day mass
of KIC 1255b is . 0.02M⊕, or less than half the mass
of Mercury. Only for masses this small are surface grav-
ities weak enough to allow evaporative winds to blow
with mass-loss rates satisfying the observations. These
authors have already shown that spherical grains having
radii of 1 µm and bulk densities of 3 g/cm3 could be
dragged by winds outside the Roche lobe of KIC 1255b
— albeit only marginally if the planet mass is near its up-
per limit. As the planet radius shrinks, the sizes of parti-
cles that can escape grow in inverse proportion (see their
equation 30 and surrounding discussion). In sum, as long
as the planet is small enough, micron-sized or larger par-
ticles can escape. Therefore, our observations suggest
that the candidate planet KIC 1255b might best be de-
scribed as a sub-Mercury — rather than super-Mercury
— mass planet.
Note that the particles do not need to be lifted di-
rectly from the planetary surface, since the grains only
condense at altitude, where the wind has an opportu-
nity to cool adiabatically. Indeed the grains cannot be
present at their maximum abundance (relative to gas)
at the base of the wind; if they were, the flow would
be so optically thick that the planetary surface would be
shielded from starlight and would not heat to the temper-
atures required for an evaporative wind to be launched37.
In the wind solutions of Perez-Becker & Chiang (2013),
the dust abundance increases by orders of magnitude
from the surface to the Roche lobe (see their Figure 3).
Thus the problem of lifting grains beyond the Roche lobe
should only be a problem near the Roche lobe, and it is
there that Perez-Becker & Chiang (2013) compare the
drag force exerted by the wind with the planet’s tidally
modified gravity. We suppose it is possible that the prob-
lem of lift can be avoided altogether if grains condense
outside the Roche lobe. We cannot rule this possibil-
ity out since the grain condensation profile was merely
parameterized by Perez-Becker & Chiang (2013), not
solved from first principles.
the tail might be composed of particles with different scattering
properties than we would naively expect.
37 In principle, the surface could be heated to about 1800 K by
radiation emitted from dusty layers at altitude, but such a surface
temperature would still be too low for the planet to emit a wind of
the required strength to match observations. Heat redistribution
by winds and gravity waves across the day-night terminator would
only lower the surface temperature; see Budaj et al. (2012) and
Perez-Becker & Showman (2013).
5.3. Prospects for follow-up observations
The enlightening multi-wavelength observations pre-
sented in this paper were greatly facilitated by the im-
pressive photometric capabilities of the Kepler spacecraft
that allowed us to achieve simultaneous, accurate opti-
cal photometry in addition to our ground and spacebased
photometry and imaging. With the recent malfunction
of this spacecraft, prospects for illuminating follow-up
studies of this object are much dimmer than previously,
and may require much more difficult to schedule follow-
up from several telescopes simultaneously.
Although the KIC 1255b transit does not appear to
be strongly wavelength dependent from 0.6 - 2.15 µm,
follow-up observations further into the infrared would be
expected to show transit depth differences compared to
those obtained simultaneously in the optical, unless the
size of particles in the cometary tail are several microns
in size. Such observations could be obtained with the
Spitzer/IRAC (Fazio et al. 2004) instrument. We note
that several micron-sized particles would be inconsistent
with the size of the forward scattering peak observed
with Kepler (Rappaport et al. 2012; Budaj 2013) (un-
less there is evolution of the grain sizes along the tail).
Low resolution spectroscopy over a wide spectral range,
either from the ground or from space, would be use-
ful to look for both wavelength dependent transit depth
changes, and morphological changes in the photometry of
the dust tail as revealed by the forward-scattering peak,
and asymmetric egress of the transit. We note, that the
strength of the forward scattering peak is also expected
to be wavelength dependent, and observations with suf-
ficient precision to look for such minute changes, would
be highly illuminating.
6. CONCLUSIONS
We have presented multiwavelength photometry, high
angular-resolution imaging and radial velocities of the
intriguing disintegrating low-mass candidate planet KIC
1255b. We summarize our findings here:
(i) Comparison of our CFHT/WIRCam 2.15 µm to
Kepler 0.6 µm transit depths, and the resulting con-
straints on particle sizes in the tail trailing KIC 1255b:
The average ratio of the transit depths that we observe
from the ground with CFHT/WIRCam and space with
Kepler at our two epochs are: 1.02 ± 0.20. In the dis-
integrating planet scenario, the only way to see a lack
of extinction from the optical to the near-infrared is if
the circumference of the particles are at least approxi-
mately the wavelength of the observations. Therefore, if
the transits we observe are due to scattering from single-
size particles streaming from the planet in a comet-like
tail, then the particles must be ∼0.5 microns in radius
or larger38. Similarly, if the particle size distribution in
the tail follows a number density defined by a power-law,
then only smaller power-law slopes, and thus larger par-
38 We note this is in some disagreement, and modest agreement,
with two efforts that presented scattering models compared to the
Kepler photometry. The findings of Brogi et al. (2012) modestly
disagree with our own, as they suggest the particles in the tail trail-
ing KIC 1255b must have a a typical grain size of 0.1 µm from six
quarters of long cadence Kepler photometry. The results of Budaj
(2013) are in modest agreement with our own, as their analysis of
14 quarters of Kepler long and short cadence photometry, suggest
grain sizes from 0.1 - 1.0 µm.
16 Croll et al.
ticle sizes result in a sufficient number of near-micron
sized grains to satisfy our observations.
(ii) Comparison of our HST 1.4 µm and Kepler 0.6 µm
null detections: Unfortunately we were unable to detect
the transit of KIC 1255b in either our simultaneous HST
and Kepler photometry, due to the fact that the transits
of KIC 1255b had largely disappeared in the Kepler pho-
tometry for approximately ∼5 days before and after our
observed transit. We are therefore able to conclude little
from these observations, other than there is no evidence
for strongly different transit depths at these wavelengths.
(iii) Particle lifting from KIC 1255b:
Perez-Becker & Chiang (2013) have already demon-
strated that lifting particles nearly a micron in size is
possible from KIC 1255b. As lifting such large particles
becomes much more difficult as one increases the mass
of the candidate planet, we note our &0.5 micron limit
on single-sized particles in the tail trailing KIC 1255b
favours a sub-Mercury, rather than super-Mercury, mass
for KIC 1255b.
(iv) Constraints on false-positives from our high
angular-resolution imaging, RVs and photometry: Our
HST (∼0.53 µm and ∼0.77 µm) high angular-resolution
imaging allows us to rule-out background and foreground
candidates at angular separations greater than 0.2′′ that
could be responsible for the transit we associate with a
planet transiting KIC 1255b. The associated limit from
our groundbased Keck/NIRC2 Adaptive Optics observa-
tions in K’-band (∼2.12 µm) is for separations greater
than 1.4′′. Our radial velocity observations allow us to
rule out low-mass stellar companions (& 0.2 M⊙) for peri-
ods less than .10 years, and 13 Jupiter-mass companions
for periods less than .40 days. Furthermore, the simi-
lar transit depths we observe in the near-infrared with
CFHT/WIRCam and in the optical with Kepler also al-
low us to rule out background/foreground candidates, or
higher-order multiples with significantly different spec-
tral types, as this would result in a colour-dependent
transit depth from the optical to the near-infrared. Al-
though prior to these observations we knew of no viable
false-positive scenario that could reproduce the unique
photometry we observed with Kepler (e.g. the forward
scattering bump before transit, the sharp ingress and
gradual egress transit profile, the sharply varying transit
depths), we note that we have now greatly reduced the
parameter space for viable false positive scenarios. We
conclude that the disintegrating low-mass planet scenario
is the simplest explanation for our multiwavelength pho-
tometry, RVs and high angular-resolution imaging sug-
gested to date.
(v) Limit on the mass of the candidate planet KIC
1255b: Our KECK/HIRES RVs of KIC 1255b allow us
to place an upper-limit on the minimum mass of the can-
didate planet that confirms it is firmly in the planetary
regime; this limit is m sin i . 1.2 MJ with 3σ confidence,
assuming a circular orbit.
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